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Propellants 
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ABSTOACT;  An  apparatus  has  been  developed  to  measure  the  eq^uilibrium 
bulk  modulus  of  solid  propellants  and  other  visco-elastic  materials  at 
pressvtres  between  0  and  2500  psig.  Hydrostatic  pressure  is  applied  to 
a  test  sample  in  the  high-pressure  chamber  of  a  pressure  intensifier. 
Measurement  of  the  voliane  displaced  by  the  low-pressure  end  of  the 
double  piston  provides  high  sensitivity  in  the  measurement  of  the  volume 
change  in  the  high-pressure  chamber.  Bie  measured  Isothermal  modulus 
is  sufficiently  accurate  for  use  in  quasi-static  stress  analysis  of 
solid-propellant  rockets.  In  addition,  the  adiabatic  bulk  modulus  can 
be  estimated  from  pressure-volume-temperature  data.  Small  voids  in  a 
propellant  are  vividly  shown  by  a  very  fast  initial  rise  in  the  curve 
of  pressure  vs.  volume  change. 
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AN  APPARATUS  FOR  MEASURING  THE  BULK  MOEULUS 
OF  SOLID  PROPELLANTS 


•  i  , 


NEAL  C.  WOGSLAND 
Ballistic  Research  Laboratories 
Aberdeen  Proving  Groiand,  Maryland 


INTRODUCTION 


f - _ 

i .  . 


i  i.  ,  V 


The  mechanical  behavior  of  the  propellant  is  of  consider¬ 
able  importance  in  the  design  of  a  solid-propellant  rocket  because 
the  propellant  must  be  s\afflciently  stiff  to  minimize  creep  during 
storage  and  yet  must  not  be  so  brittle  that  it  may  crack  under  the 
press\ares  at  which  it  burns.  Some  solid  propellants  are  homogeneous 
compoiands  while  others  are  composite  mixtures  of  crystalline  oxidi¬ 
zers  and  other  additives  in  a  small  amount  of  binder.  Both  types  of 
solid  propellant,  however,  are  predominantly  viscoelastic  in  their 
mechanical  behavior. 


The  basic  methods  for  solving  problems  in  stress  analysis 
are  well  established  for  elastic  materials.  The  classical  theory  of 
elasticity  is  limited  almost  entirely  to  situations  in  which  the 
strains  are  small.  The  strains  set  up  within  an  elastic  material 
are  linear  fimctions  of  the  stresses  under  all  conditions  of  loading, 
provided  the  elastic  limit  is  not  exceeded;  that  is 


stress 

strain 


=  constant 


(modulus  of  elasticity). 


(1) 


When  the  strains  are  small,  only  two  elastic  constants  are  required 
to  describe  the  mechanical  behavior  of  a  material  that  is  homogeneous 
and  isotropic.  If,  for  exan5)le,  the  shear  modulus  (modulus  of 
rigidity),  G,  emd  the  bulk  modulus,  K,  are  determined,  then  Yoxmg's 
modulus,  E,  and  Poisson's  ratio,  v,  can  be  calculated  from  the 
relations 


E  = 


9MG 
3K  +  G 


and  V  = 


2G 
'6K  +  2G 


(2,  3) 


which  have  been  given  by  Southwell  (l)  ar ’  'thers.  Any  of  these 
moduli  may  be  replaced  by  their  correspoi-  g  reciprocals,  l/J,  l/B, 
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and  1/D,  vhere  J  is  shear  compliance,  B  is  hxilk  compliance  (corapressi- 
hility),  and  D  is  tensile  con^jliance.  The  shear  and  hxilk  moduli  may 
he  regained  as  the  fundamental  elastic  constants  from  a  physical 
point  of  view  hecaxise  the  former  measures  the  resistance  of  a  material 
to  change  of  form  unaccon^janied  hy  change  of  volume  and  the  latter 
measures  its  resistance  to  change  of  volume  \inaccompanied  hy  change 
of  form. 


The  stress  analysis  of  viscoelastic  materials  is  somewhat 
more  complicated,  not  only  because  these  materials  are  time-dependent, 
hut  also  because  they  deviate  measurably  from  the  behavior  predicted 
by  the  Boltzmann  superposition  principle  (2,  3)  on  which  the  theory 
of  linear  viscoelasticity  is  based.  For  small  strains,  however,  this 
deviation  can  be  neglected  for  many  materials  and  calculations  can 
be  based  on  linear  viscoelastic  behavior.  In  the  final  report  of  the 
Committee  on  Nomenclature  of  the  Society  of  Rheology,  Leaderman  (4) 
stated  that  the  relations  between  the  complex  moduli  and  compliances 
for  dynamic  viscoelastic  behavior  are  the  same  as  those  existing 
between  the  corresponding  moduli  and  compliances  of  classical  elasti¬ 
city  theory. 

Stress  analysis  problems  involving  viscoelastic  materials 
frequently  can  be  formulated  in  terms  of  Volterra  integral  equations 
if  the  moduli  are  known  (5,  6).  An  alternate  method  sets  up  analogies 
tising  mechanical  models  consisting  of  suitable  combinations  of  Hookeau 
springs  and  Newtonian  dashpots  (7,  8),  In  current  applications  of 
linear  viscoelastic  theory,  the  distinction  between  moduli  measured  • 
imder  adiabatic  and  Isothermal  conditions  usually  is  ignored  because 
this  difference  is  in  most  cases  negligible.  .  Although  this  difference 
is  entirely  negligible  in  shear  and  the  moduli  seldom  differ  by  more 
than  a  few  percent  in  bulk.  Ferry  (3)  has  Inferred  on  theoretical 
grounds  that  the  adiabatic  bulk  modulus  can  exceed  the  Isothermal  by 
2056  or  more  for  some  soft  polymeric  solids. 

At  the  Ballistic  Research  Laboratories,  a  study  is  being 
conducted  to  determine, to  what  extent  the  theory  of  linear  visco¬ 
elasticity  can  be  applied  to  the  stress  analysis  of  solid  propellants 
(9)  To  correlate  theory  with  experimental  results,  apparatus  are 
being  devised  to  raeasiire  the  bulk  and  shear  moduli  under  various 
conditions.  Preliminary  study  has  indicated  that  the  equilibrium 
bulk  modulus  is  satisfactory  for  quasi-static  problems  such  as  the 
slow  deformation  of  a  propellant  in  storeige.  However,  the  adiabatic 
bulk  modulus  is  better  for  approximate  solutions  of  d^amlc  problems. 

The  apparatus  described  in  this  paper  was  built  to  measure 
the  eqiillibrium  bulk  modiilus  of  solid  propellants  and  other  visco¬ 
elastic  materials  under  hydrostatic  pressures  of  0  to  250O  psi  (gage). 
It  was  b\iilt  after  preliminary  tests  had  indicated  that  such  an 
apparatvis  was  feasible  (lO).  Very  little  information  has  been 
reported  in  the  scientific  literature  concerning  hydrostatic  mod^llus 
or  compliance  testing  in  this  pressure  range.  Bridgman  (ll)  has 
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worked  with  several  viscoelastic  materials,  but  only  at  very  high 
pressures.  Sweeny  and  Bills  (l2)  have  made  a  few  pressure- volvime 
measurements  on  solid  propellants.  Mllloway,  Surland,  and  Skulte  (l3) 
have  recently  reported  that  the  composite  propellants  used  in  their 
testing  are  sufficiently  isotropic  in  hydrostatic  compression  that 
btilk  mod\ilus  can  be  calculated  from  uniaxial  displacement  measurements. 

APPARATUS  AM)  EXPERIMENTAL  PROCEDURE 


This  appaxat\is  is  designed  to  determine  the  bialk  modulus  of 
a  solid  by  substituting  the  solid  for  some  of  the  liquid  in  the  test 
chamber,  measiaring  the  net  compressibility  of  the  solid  plus  the 
remaining  liquid,  and  ai^lying  differential  methods  to  separate  their 
compressibilities.  The  intensifier  principle  is  utilized  to  obtain 
high  sensitivity  in  measurement  of  the  volume  changes  produced  by 
variation  of  the  hydrostatic  pressure.  The  test  sample  is  placed 
directly  in  the  high-pressure  chamber  of  the  intensifier  to  minimize 
the  volume  of  fluid  required  and  therefore  minimize  the  influence  of 
the  fluid  on  the  test  data  (Figure  l).  A  test  chamber  of  approxi¬ 
mately  1  cu.  in.  was  selected  so  that  small  propellant  samples  (up 
to  1/2  in.  in  diameter  by  3  in.  in  length)  can  be  tested  effectively. 

The  apparatus  was  designed  for  operation  at  pressures  from 
0  to  2500  psig  because  this  range  covers  the  pressures  that  occur 
during  the  burning  of. most  solid-propellant  rockets.  However,  the 
Intensifier  principle  covild  be  used  for  much  higher  pressxnres  (or 
larger  chamber  volvimes)  with  appropriate  design.  The  piston  seals 
are  a  modification  of  Brldgmn's  (ll)  unsupported  area  seal.  The 
sllpperlness  of  the  teflon  seals  permits  observation  of  pressure- 
volume  data  at  pressiires  close  to  0  psig  even  thoiigh  the  seals  are 
preloaded  to  minimize  leakage  at  these  low  pressures. 

In  addition  to  the  pressvire  .intensifier,  the  bulk  modulus 
tester  utilizes  auxiliary  eq-uipment  and  instrumentation  Including  a 
sight-glass  system,  hydraulic  pumps,  valves  and  fittings,  a  dial 
pressure  gage,  a  pressure  transducer,  a  strain  indicator  or  recorder, 
a  thermocouple,  a  microvolt  amplifier,  and  a  strip-chart  recorder. 

A  photograph  of  the  system  is  shown  in  Figure  2. 

The  total,  volxome  of  the  test  chamber  and  its  connecting 
•passageways  was  obtained  by  measiirement  and  calculation.  The 
relationship  between  the  volume  change  in  the  chamber  and  the  sight- 
glass  reading  also  was  calculated.  The  presstore  transducer  was 
calibrated  in  conjunction  with  the  strain- indicator  and  a  standard 
dead-weight  tester.  The  chromel-alumel  thermocouple  was  set  up  to 
meas\are  the  tenperature  change  within  the  chamber.  The  temperature 
scale  of  the  recorder  chart  was  established  from  thermocouple  data 
sheets  since  they  provided  sufficient  accuracy  for  this  test. 

During  the  Initial  setup  of  the  ax>paratus,  a  vacuvun  puinp 
is  used  to  evacxiate  each  chamber  as  it  is  filded  with  hydraulic  fluid. 
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Hercoflex  600  hydra\ilic  flviid  has  "been  used  with  solid  propellants  at 
the  BRL.  Hercoluhe  A  or  Dow-Coming  DC-550  prohahly  wo\ild  he  equally 
satisfactory.  If  necesseiry,  the  test  sample  may  he  given  an  iraper- 
meahle  coating  to  prevent  penetration  of  the  fluid  into  the  pores  or 
to  prevent  a  possible  chemical,  reaction.  When  a  sample  is  prepared 
for  testing,  the  test  chamber  is  filled  to  overflowing  before  install¬ 
ing  the  closure  so  that  no  air  will  he  entrapped.  This  precaution 
is  essential  because  a  major  problem  in  an  apparatus  of  this  sort  is 
the  complete  elimination  of  air  in  the  test  chamber.  For  critical 
tests,  much  of  the  air  dissolved  in  the  working  fluid  can  be  removed 
by  boiling  under  vacuim  prior  to  filling  the  system. 

The  apparatus  was  calibrated  by  measuring  the  pressure  and 
volume  changes  for  steel  samples  of  different  sizes.  With  the  sample 
in  the  high-pressure  chamber,  pressure  is  applied  to  the  low-pressure 
chamber  by  a  hand  piomp.  The  pressiore  is  Intensified  as  it  is  trans¬ 
mitted  to  the  smaller  chamber  by  the  double-faced  piston,  and  as  the 
piston  moves,  the  excess  fluid  enters  the  sight  glass  from  the  middle 
chamber.  Measinrement  of  the  volume  displaced  by  the  low-pressure  end 
of  the  double  piston  provides  a  very  sensitive  measurement  of  the 
volume  change  in  the  high-pressure  chamber.  During  isothermal  test¬ 
ing,  an  Interval  of  approximately  10  minutes  is  allowed  prior  to 
recording  the  data  for  each  pressure  so  that  temperature  equilibrium 
will  be  reached.  The  second  pump  is  used  to  return  the  piston  to  its 
starting  position  after  each  test  is  completed. 

To  obtain  adiabatic  data,  the  system  is  quickly  presstirized 
from  0  pslg  to  a  desired  pressure  and  the  pressure-volume-temperature . 
data  is  recorded  Immediately.  The  pressure  is  then  dropped  to  0  psig 
and  the  system  is  allowed  to  return  to  equilibrium  temperature.  The 
cycle  of  operation  is  repeated  for  each  additional  press\n:e  that  is 
needed J 


ANALYSIS  AND  DISCUSSION 


As  previously  stated,  this  apparatus  was  designed  to 
measure  the  equllibriimi  b\ilk  modulus  of  solid  propellants  and  other 
viscoelastic  materials.  The  bulk  modulus  is  the  ratio  of  the  volu¬ 
metric  stress  (hydrostatic  pressure)  to  the  volumetric  strain 
(volume  -change  per  •unit  volume). 


K  = 


AP 

"  WJv  * 


(4) 


The  negative  sign  is  introduced  because  hydrostatic  tension  is 
normally  considered  positive  and  the  application  of  a  hydrostatic 
press\ire  produces  a  decrease  in  volxame.  In  the  direct  measurement 
of  the  bulk  modulus  of  a  solid  by  immersion  in  a  liquid,  differencing 
techniques  are  applied  to  correct  for  the  conpresslbility  of  the 
fl'uid  and  for  the  distortion  of  the  test  chamber.  The  initial  volTame 
of  the  chamber  is  equal  to  the  s-um  of  the  sample  and  fluid  vol-umes. 
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A, 


V 

c 


+  V, 


(5) 


When  press\are  is  applied  hy  movement  of  the  piston,  the  new  chamber 
volume  is 

+  AV„  =  +  AV^  +  V -  +  AV.  =  V  +  CAP  -  As«r^  ,  (6) 

where  C '  is  a  constant  that  accounts  for  the  pressure  effects  on  the 
chamber  itself  (expansion  of  chamber,  pressure  gage,  and  connecting 
passageways;  compression  of  seals).  As  is  piston  travel,  and  r  is  the 
radius  of  the  piston.  Second  order  effects  are  small  in  the  pressure 
range  under  consideration,  and  their  effect  on  the  data  are  minimized 
by  the  differencing  technique  described  herein.  The  volume  change 
per  -unit  pressirre  is 


AV  AV  AV^ 

_ G _ S  _ f  _ 

AP  “  AP  AP  “ 


C"Ah 

AP 


+  C 


> 


(T) 


where  Ah  is  the  change  in  the  height  of  the  sight  glass  column  and 
C"  accounts  for  the  magnification  of  the  piston  motion  by  the  sight 
glass  system. 


Combining  Eq.  (4)  and  Eq.  (j),  the  bulk  modulus  of  a  test 
sanrple  may  be  written 

V  V 

^s  "  "  AV  /AP  "  (G"Ah/AP)  -^(V_/K.)  -  C'  ‘ 

The  bulk  modulus  of  the  sample  is  determined  from  the  meas-urements  of 
the  sight  glass  reading.  Ah,  and  the  applied  pressure,  AP,  after  the 
other  items  have  been  established.  The  initial  volume  of  the  chamber, 
V^,  is  determined  by  measurement  and  calciolation.  Measurement  of  the 

initial  sample  volume,  V  ,  then  yields  the  initial  vol\mie  of  fluid, 

s 

V^.  ,  The  sight  glass  magnification  constant,  C",  is  calculated  from 

the  sight  glass  and  piston  diameters.  The  bulk  modulus  of  the  fluid, 
K^,  and  the  chamber  expansion  constant,  C’,  are  determined  during 

calibration  of  the  apparatus. 


The  apparatus  is  calibrated  by  using  various  sizes  of  test 
samples  with  a  known  bulk  modulvis.  The  reference  samples  that  were 
used  were  made  from  cold-rolled  steel,  which  has  a  bvilk  i^odulus  of 
approximately  25.1  x  10°  psi  (l4),  nearly  100  times  that  of  the 
transmitting  fluid.  Prom  Eq.  (8),  it  is  seen  that  the  equation 


C"Ah 

AP 


C 


(9) 


is  an  eq\iation  of  the  linear  form  y  =  mx  +  b.  On  a  plot  of  V^  vs 

AV/AP,  the  above  eqiiation  represents  a  straight  line  with  a  slope  of 
l/Kf  and  an  intercept  on  the  AV/AP  axis  of  C ' .  The  measurement  of  Zih 
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and  AP  for  tvo  different  fluid-sample  combinations  is  saifficlent  to 
determine  the  slope  and  the  intercept.  In  practice,  seven  combina¬ 
tions  were  used  and  the  method  of  leeust  sqtiares  was  applied  to  obtain 
the  best,  average  slope  and  intercept. 


During  the  tests  of  samples  of  various  materials,  the  mini¬ 
mum  number  of  observations  per  test  was  six  and  the  method  of  least 
squares  was  again  applied  to  obtain  the  best  average  slope  Ahi/AP. 

The  bulk  modulus  was  then  calc\ilated  from  Eq.  (8).  Eq\illibrlvun  bulk 
moduli  of  several  viscoelastic  materials  and  the  transmitting  fluid 
are  tabulated  in  Table  I  for  two  pressure  ranges,  0-2^00  psig  and 
500-2500  psig. 


TABLE  I.  EQUILIBRIUM  BULK  MDDULI,  IN  PSI. 
OF  SEVERAL  VISCOELASTIC  MATERIALS  AT  77  ±  1*^ 


Material 


Pressure  Range,  psi  (gage) 

0  -  2500  500  -  2500 


Hereof lex  600  Fluid  2^9,000  252,000 
Polystyrene  (commercial  rod)  472,000  476,000 
Teflon  (commercial  rod)  563# 000  367^000 
Polyurethane  (pluracol  base)  258,000  267,000 
Propellant  No.  1  (cast  double  base)  432,000  438,000 
Propellant  No.  2  (composite  double  base)  583^000  621,000 
Prcpellant  No.  3  (composite)  834,000  882,000 


The  bulk  modulus  of  each  material  is  quite  linear  between 
pressures  of  0  and  25OO  psig  when  there  are  no  voids.  However, 
porous  materials  show  large  differences  between  their  average  moduli 
over  the  two  ranges  tabulated  here  because  the  voids  undergo  consid¬ 
erable  compression  at  low  pressures.  With  soft  composite  propellants, 
the  effect  of  voids  on  the  compressibility  can  be  Ignored  above 
approximately  100  psig.  The  tabulated  moduli  for  the  propellants  are 
taken  from  the  second  compression  cycle  for  each  material  beca\ise  the 
initial  cycles  were  very  non-linear  while  the  voids  were  being  com¬ 
pacted.  The  stress-strain  relationship  observed  with  teflon,  a 
fairly  dense  material,  is  illustrated  in  Figure  3«  In  contrast. 
Figure  4  shows  a  composite  double-base  propellant  with  an  initial 
porosity  of  approximately  0.355^*  The  propellant  is  compacted  on  the 
first  test  cycle,  res\iltlng  in  a  porosity  of  less  than  0.05^  on  the 
second  run,  which  was  made  several  hours  later. 

As  indicated  in  the  preceding  peuragraph,  the  porosity  of  a 
soft  viscoeleistic  material  can  be  determined  with  this  apparatvis. 

The  intercept  of  the  observed  stress-strain  curve  with  the  strain- 
axis  at  zero  applied  stress  provides  a  measvtre  of  the  strain  restilt- 
ing  from  clos-ure  of  voids.  The  porosity  of  the  material  is  the  ratio 
of  this  strain  to  the  initial  sample  volume.  Porosities  of  O.Ol^t  can 
be  measured  by  this  procedvire.  Hie  effect  of  voids  on  the  compres¬ 
sibility  data  can  be  observed  closely  at  low  pressures  because  the 
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slippery  teflon  piston  seals  permit  the  piston  to  creep  in  the 
cylinder  at  applied  loads  considerably  below  the  preload  on  the  seals. 

Actually,  the  volumetric  stress-strain  ratio  for  a  material 
is  not  linear  because  its  resistance  to  compression  increases  as  its 
volijme  is  reduced.  Bridgman  (11 )  and  others  have  verified  through 
extensive  testing  that,  except  for  a  few  rare  cases,  the  compressi¬ 
bility  decreases  with  increasing  pressure,  as  would  be  expected. 

This  can  be  observed  on  the  curves  of  Figure  5^  where  the  data  points 
are  connected  by  a  smooth  curve,  and  Figure  4,  where  the  points  are 
represented  by  straight  lines.  Further  analysis  of  the  experimental 
data  indicates  that  the  tangent  bulk  modulus  increases  linearly  with 
pressure  in  the  manner  predicted  by  the  Tait  equation  of  state  for 
liquids  ( 15 ) , 

-  ^  =  mP  +  b  ,  (10) 

where  m  is  a  constant,  b  is  a  function  of  temperature  only,  and 
-dP/dV  =  K/V  [Pq.  (4)  ]  .  The  constants  are  easily  established  by 
graphical  or  analytical  methods.  Isothermal  data  from  tests  of  the 
fluid,  a  teflon  sa^iple,  and  a  propellant  sample  indicate  that  the 
Tait  equation  provides  an  accurate  fit  to  the  experimental  data  after 
the  voids,  if  any,  are  closed.  This  equation  should  also  be  useful 
in  correlating  Isothermal  and  adiabatic  data. 

The  precision  of  measiirement  of  this  apparatus  is  such  that 
changes  of  .00001  cu.  in.  in  the  volume  of  the  chamber  are  readily 
detected  and  changes  to  .01  cu.  in.  can  be  measured  with  tne  present 
sight  glass.  These  measurements  compare  with  the  initial  chamber 
volume  of  .942  cu.  in.  and  a  maximum  sample  size  of  .5T 
Larger  volume  changes  could  be  measured  with  a  glass  of  larger  dia¬ 
meter,  but  at  a  sacrifice  in  precision.  The  use  of  two  sight  glasses 
in  tandem  would  permit  testing  of  very  porous  materials,  using  the 
larger  glass  for  porosity  data  and  then  switching  to  the  precision 
glass  for  modulus  data. 

The  accuracy  of  the  bulk  moduli  measured  with  this  apparatus 
has  not  been  established  because  a  search  of  the  literature  has  not 
revealed  a  suitable  reference  standard  for  this  low  pressure  range. 
Based^  on  a  955^  confidence  level,  the  bulk  modulus  of  a  test  sample 
should  be  repeatable  within  2^.  However,  this  does  not  account  for 
the  deviations  d\aring  calibration  and  systematic  errors  in  measijrlng 
the  dimensions  of  the  sight  glass  and  test  chamber.  There  also  is 
the  problem  of  measuring  the  initial  volumes  of  test  samples  having 
Irregular  shapes.  A  sample  of  an  unknown  aluminum  alloy,  which 
should  have  a  bulk  modulus  close  to  10  x  10°  psi  (about  30  times 
that  of  the  transmitting  fluid),  was  tested  while  running  the  calibra¬ 
tion  tests  with  the  steel  samples.  Its  modulus  appeared  to  be 
between  9  12  x  10°  psi.  This  inplies  accuracies  within  ±2^  for 

viscoelastic  materials,  which  is  questionable. 
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The  hydraulic  fluid  and  viscoelastic  samples  are  very 
sensitive  to  temperature  changes.  VThen  a  sample  of  maximum  size  (615& 
of  chamber  volume)  is  imder  test,  the  thermal  expansion  of  the  fluid 
(59^)  for  a  temperature  rise  of  1^  is  as  great  as  the  volume  reduc¬ 
tion  of  the  al\jmlnum  sample  at  2500  psig.  The  thermal  expansion  of 
the  test  sample  may  Increase  the  total  expansion  by  another  505^* 
Therefore,  extremely  close  control  over  temperature  must  be  exercised. 

Altho\agh  this  apparatxis  was  designed  specifically  for  eq\il- 
librium  (isothermal)  testing,  the  measurement  of  temperature  change 
Inside  the  test  chamber  in  conjunction  with  the  P-V  data  permits 
determination  of  the  adiabatic  bulk  modulus  of  the  transmitting  fluid 
and  estimation  of  the  adiabatic  bulk  modulus  of  the  test  sanple.  The 
modulus  of  the  fluid  is  separated  from  the  equivalent  modulus  correc¬ 
tion  for  the  apparatus  through  differential  analysis  of  the  calibra¬ 
tion  test  data,  as  has  been  done  for  the  isothermal  testing.  This 
same  technique  is  then  applied  to  estimate  the  adiabatic  modiolus  of 
the  test  sample.  Since  these  results  are  quite  inaccurate,  adiabatic 
testing  has  been  limited  to  exploratory  runs.  A  larger  apparatus, 
in  which  a  thennocouple  is  imbedded  in  the  sample  and  the  fluid 
volume  is  minimized,  would  be  more  desirable  for  adiabatic 
measoorements . 

A  major  problem  in  this  apparatus  was  conplete  elimination 
of  air  in  the  pressiore  chamber.  A  preliminary  apparatus  (lO)  assembled 
from  standard  high-pressure  laboratory  equipment  was  only  partially 
successful  because  of  this  defect.  The  new  apparatus  was  designed  to 
permit  evacuation  of  the  test  chamber,  and  the  other  chambers,  from 
one  side  while  filling  from  the  other.  Each  individual  test  was  set 
up  with  great  care  to  Insure  the  reliability  of  the  test  data. 

This  compressibility  apparatus  is  relatively  safe  since  it 
avoids  the  danger  associated  with  the  large  kinetic  energies  of  gas- 
filled  pressure  bombs.  If  any  sudden  surge  of  pressure  should  occur, 
it  would  cause  the  pressure  transducer  to  fail  without  danger  of 
flying  metal  fragments.  However,  with  minor  changes,  the  system 
could  be  set  up  for  remote  operation. 

SUMMARY  AHD  CONCLUSIONS 


This  apparatus  provides  a  measure  of  the  equilibrium  biilk 
modulus  and  compressibility  of  solid  propellants  and  other  visco¬ 
elastic  materials  at  pressures  between  0  and  25OO  psig.  The  test 
sample  is  placed  in  the  high-pressure  chamber  of  a  pressure  Intensi- 
fier.  As  hydrostatic  press\ire  is  applied,  measiu'ement  of  the  volvune 
displaced  by  the  low-pressure  end  of  the  double  piston  provides  high 
sensitivity  in  the  measvirejnent  of  the  volume  reduction  in  the  high- 
pressure  chamber.  The  measured  isothermal  modulus  is  sufficiently 
accxxrate  for  use  in  the  quasi-static  stress  analysis  of  solid- 
propellant  rockets.  In  addition,  the  adiabatic  bulk  modulus  can  be 
estimated  from  pressure-volxime-teraperature  data.  Porosities  as  small 
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as  0.01^  also  can  be  measiired  for  soft  viscoelastic  materials  and  the 
rapid  initial  rise  in  the  pres  sure*- volume  cvirve  shovs  the  effect  of 
voids  on  the  bulk  modiolus.  Test  results  Indicate  that  porous 
materials  do  not  fully  recover  from  the  compacting  effect  of  hydro¬ 
static  pressure,  thus  indicating  that  such  a  procedure  might  be  used 
to  increase  the  density  of  porous  propellants. 

This  apparatus  is  quite  satisfactory  for  the  measurement  of 
the  bulk  modulus  of  small  samples  (up  to.l/2  in.  in  diameter  by  3  in. 
in  length)  and  it  is  especially  applicable  to  the  testing  and  screen¬ 
ing  of  the  small  sanples  normally  available  with  newly-synthesized 
experimental  propellants.  The  principle  weakness  of  this  apparatus 
is  the  masking  of  the  properties  of  the  test  sample  by  the  transmit¬ 
ting  fluid,  which  fills  at  least  of  the  test  chamber,  is  1  to  3 
times  as  compressible  as  the  sample,  and  has  a  relatively  high  coef¬ 
ficient  of  thermal  expansion.  However,  the  apparatus  is  safe  and  its 
operation  is  fairly  rapid  because  it  employs  a  continuous  reading 
method.  Where  more  material  is  available  for  test  samples,  a  larger 
test  chamber  could  be  utilized.  To  provide  for  greater  accuracy  in 
both  Isothermal  and  adiabatic  testing,  the  volume  of  fluid  should  be 
minimized  and  a  thermocouple  should  be  imbedded  in  the  test  sample. 
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Figlire  2.  Bulk  Modulus  Apparatus 
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